Osteosarcoma is the most frequent type of primary bone tumors among children and adolescents. During the past years, little progress has been made regarding prognosis of osteosarcoma patients, especially for those with metastatic disease. Genomic instability and gene alterations are common, but current data do not reveal a consistent and repeatable pattern of osteosarcoma development, thus paralleling the tumor's high heterogeneity. Critical signal transduction pathways have been implicated in osteosarcoma pathobiology and are being evaluated as therapeutic targets, including receptor activator for nuclear factor-kB (RANK), Wnt, Notch, phosphatidylinositol 3-kinase/Akt/mammalian target of rapamycin, and mechanotransduction pathways. Herein, we recapitulate and discuss recent advances in the context of molecular mechanisms and signaling networks that contribute to osteosarcoma progression and metastasis, towards patient-tailored and novel-targeted treatments.
Introduction
Osteosarcoma (OS) is the most frequent primary bonederived tumor among children and adolescents. OS affects the metaphysis of long bones and approximately 15-20% of patients will present metastases at the time of diagnosis, especially at the lung and bones. Controversies have been raised in the context of treatment strategies, since little progress has been made in order to improve prognosis of OS patients. Current treatment involves preoperative chemotherapy, followed by surgical resection of the primary tumor, as well as detectable metastatic tumors, along with adjuvant chemotherapy after surgery. A multiagent regimen with combined methotrexate, doxorubicin, and cisplatin seems to improve patient outcome, while at the same time, five-year survival of young adolescents is about 60-65% in Europe and North America. 1 However, prognosis of metastatic disease remains almost the same during the past 30 years, approximately 20%. 2 OS presents heterogeneity among different types, and deregulation of several oncogenic and tumor-suppressing pathways has been acknowledged to drive cell transformation and metastasis. In accordance, molecular mechanisms of OS development include aberrant activation of critical signaling networks, which are essential for cellular homeostasis. 3 Therefore, it is of high importance to decipher molecular mechanisms and activated signaling cascades in favor of patient-tailored therapeutic strategies, development of new agents, and alternative therapeutic routes. In the present minireview, we discuss recent studies regarding OS pathogenic signal transduction mechanisms and focus on certain pathways that emerge as important aspects of OS pathogenesis and can modulate treatment responses.
Essentials of bone remodeling and OS development
Bone remodeling is a dynamic process which occurs under mechanical and metabolic stimulation throughout human life. It involves resorption of old bone and formation of new in a coordinated manner and balance. 4 This balance depends on homeostatic regulation of two main types of bone cells. Osteoblasts are generated from mesenchymal stem cells, which in turn give rise to preosteoblasts (Figure 1 ). 2 Mature osteoblasts express cell-specific markers such as RUNX-related transcription factor 2, osterix, osteopontin, bone sialoprotein, and osteocalcin. Osteoblasts are responsible for the formation of bone osteoid generating mature osteocytes. Osteoclasts, on the other hand, are responsible for bone resorption and their function depends on paracrine cues generated from osteoblasts, including receptor activator of nuclear factor-kB ligand (RANKL) and osteoprotegerin (OPG), as well as circulating hormones. 2 Osteoclasts express the receptor activator for nuclear factor-kB (RANK), which upon RANKL binding activate downstream molecules, such as tumor necrosis factor (TNF) receptor associated factor 6 (TRAF6), and transcription factors, such as nuclear factor-kB (NF-kB) and activator protein-1 (AP-1). 4 OS has been associated with several risk factors and heritable syndromes such as rapid bone turnover during puberty, taller stature, radiation, Paget's disease, and Li-Fraumeni syndrome. 2 Genomic imbalance and chromosomal abnormalities are key features during OS development depicting frequent TP53 and RB mutations ( Figure 1 ). 5 In order to reveal widely accepted molecular signatures related to OS development, a genome-wide association study carried out in 941 patients and 3291 healthy controls revealed two significant loci. The first was detected at 6p21.3 with ars1906953 single nucleotide polymorphism on the GRM4 gene encoding for glutamate receptor metabotropic 4. This shows that cyclic adenosine monophosphate (cAMP) pathway, where GRM4 is associated with the pathway's inactivation, is important for OS development. The second locus at 2p25.2 with ars7591996 single nucleotide polymorphism was not associated with an active transcription factor binding site. 6 Another study was conducted in order to assess a consensus of somatic mutations in 34 pediatric OSs. Whole genome sequencing of DNA revealed a pattern of hypermutations related to structural variations, termed kataegis. TP53 mutations were identified in the majority (>90%) of the tumors and other frequent mutations were located in RB1, ATRX, and DLG2 genes ( Figure 1 ). This means that TP53 alterations represent oncogenic driver mutations in OS. The fact that most of these mutations are structural variations raises the possibility that genomic instability may precede TP53 inhibition and be the underlying cause of OS development ( Figure 1 ). However, variations between studies require validation in a larger cohort. 7 Accordingly, there is an ongoing project examining nearly 100 pediatric OS patient cases screening for gene expression, chromosome copy number changes and loss of heterozygosity, epigenetic and transcriptome profiling (https://ocg.cancer.gov/programs/ target).
RANKL/RANK pathway
As previously described, RANK signaling is critical for bone homeostasis regulating differentiation of osteoclasts through paracrine and homotypic interactions with its ligand RANKL, which is produced by osteoblasts. This particular signaling pathway is important in several pathologic mechanisms and has been already implicated in OS. [8] [9] [10] [11] RANK is expressed in human OS cell lines and human tissues, and upon RANKL stimulation induces activation of downstream signaling molecules, extracellular signalregulated kinase 1/2 (ERK1/2), p38, and IkB ( Figure 2 ). 10 RANKL increased expression has also been associated with poor response of patients to preoperative chemotherapy and lower cancer-free survival. 12 On the other hand, RANK shows multifold expression in tumor tissues of a transgenic mouse model of OS. Homotypic RANK signaling does not impact cell proliferation but induces cell motility and anchorage-independent growth in primary OS cells derived from the mouse model. 13 In corroboration with these findings, in a genomic unstable mouse model modeling human OS, a deletion at 11qE1 containing Prkar1a gene was identified in 38% of tumors. Protein kinase type I, a regulatory subunit (Prkar1a) is a subunit of protein kinase A (PKA) which becomes activated as a cAMP-dependent substrate. This deletion characterizes this specific tumor subclass and is accompanied by deregulation of PKA signaling and overexpression of RANKL. Therefore, Prkar1a is a tumor suppressor being downregulated in OS, thus driving RANKL overexpression. 9 Recent data show that deletions of the RB and TP53 genes, along with Prkar1a gene lead to faster development of tumors in vivo and increased activity of PKA and its downstream mediator cAMP response element-binding protein (Figure 2 ), accompanied by higher expression levels of RANKL compared to wild-type Prkar1a mice. Further experiments proved that RANKLmediated signaling promotes OS development, whereas specific inhibition of Rank only in osteoclasts abrogated the effect. 14 It is also known that enhanced secretion of osteoclastinduced cytokines through activation of RANK downstream modulator NF-kB transcription factor is a feature in OS ( Figure 2 ). 2 Deletion of Rank in the previous study was associated with lower expression levels of RANK and RANKL in tumor cells, as well as lower levels of NF-kB-p65. This downregulation resulted in upregulation of tumorsuppressor phosphatase and tensin homolog (PTEN), which in turn negatively regulated phosphoinositide 3-kinase (PI3K)/Akt/mammalian target of rapamycin (mTOR) pathway ( Figure 2 ). 14 OS also exhibits osteolytic lesions generated from increased activity of osteoclasts. This is the outcome of a vicious cycle between osteoclasts, bone stromal cells/osteoblasts, ; mTOR: mammalian target of rapamycin; NF-kB: nuclear factor-kB; NKD2: naked cuticle homolog 2; OPG: osteoprotegerin; OS: osteosarcoma; PI3K: phosphatidylinositol 3-kinase; PKA: protein kinase A; PTEN: tumor-suppressor phosphatase and tensin homolog; PTH: parathyroid hormone; PTHR: parathyroid hormone receptor; RANK: receptor activator for nuclear factor-kB; RANKL: receptor activator of nuclear factor-kB ligand; RTKs: receptor tyrosine kinases; TRAF6: TNF receptor associated factor 6; TCF/LEF: T cell factor/lymphoid enhancer factor; WIF1: Wnt inhibitory factor 1 and cancer cells. 4, 8 OPG is a soluble protein belonging to the TNF receptor superfamily, which prevents binding of RANKL to RANK. It is conceivable that RANKL/OPG ratio increases during OS development in favor of osteolysis ( Figure 2 ). Administration of murine OPG in OS rodent models diminished tumor growth and osteolytic lesions during OS development and increased survival of the animal models. OPG seems to exert an indirect effect on tumor progression via inhibition of RANKL increased activity. 8 Additional preclinical models also establish RANKL blockade as a way of attenuating osteolytic activity. 15, 16 Promising results from the discussed preclinical models regarding RANKL inhibition against OS progression are being evaluated at the clinic and a recent report describes complete metabolic remission of an OS patient with RANK and RANKL overexpression that was treated with combination of sorafenib, a tyrosine kinase inhibitor, and RANKL inhibitor denosumab. 17 
Wnt pathway
Wnt is a highly conserved pathway playing a notable role in cellular differentiation and homeostasis. Wnt ligands bind to their receptors, Frizzleds and LRP-5/6, thereby activating downstream signaling cascades including the canonical Wnt/b-catenin/T cell factor/lymphoid enhancer factor pathway and the non-canonical pathways. Especially in bone biology, Wnt is essential for bone morphogenesis during embryogenesis, bone mass regulation, and bone regeneration. 18 Furthermore, Wnt aberrant activation has been implicated in OS development. Increased activity of the canonical Wnt pathway has been observed in primary human OSs and corresponding sarcoma cell lines. 19 This increased activation seems to occur through an autocrine mechanism that positively affects cell proliferation through upregulation of the cell cycle gene CDC25A. 20 Increased activation is translated in overexpression of several Wnt ligands and receptors in OS tissues and cell lines ( Figure 2 ). 18 Expression of LRP5 has been associated with tumor metastasis and lower cancer-free survival in OS human tissues and Wnt10b ligand with decreased overall survival. 21, 22 In addition, stable transfection of Saos-2 OS cells with a dominant negative, soluble LRP5 plasmid, showed inhibition of cell invasion, downregulation of mesenchymal markers (N-cadherin, Slug, Twist, matrix metalloproteinases 2 and 4), and upregulation of epithelial markers (E-cadherin), implying that LRP5 in particular promotes epithelial-to-mesenchymal transition (EMT) and metastasis, whereas LRP inhibition reverses these effects. 23 Moving to intracellular Wnt components, b-catenin presents cytoplasmic and nuclear accumulation approximately to 70% of OS human tissues, associated expression levels in tumors of high grade, as well as to LM8 murine OS cell line which exhibits high metastatic potential to the lung (Figure 2 ). [24] [25] [26] Wnt contribution to OS development and metastasis is reinforced by in vitro and in vivo studies investigating the role of Wnt antagonists ( Figure 2 ). Xenografts injected with 143b OS cells stably overexpressing the Wnt antagonist Dickkopf-3 protein (DKK-3/REIC) present decreased tumor growth and lung metastases. Likewise, in vitro functional assays reveal that DKK3 overexpressing cells demonstrate lower migration, anchorage-independent growth, cell viability, and EMT inhibition. 27 Another Wnt antagonist, Wnt inhibitory factor 1 (WIF1), demonstrates epigenetic-related downregulation in OS tissues and cell lines via promoter hypermethylation in its gene promoter. Re-expression of WIF1 was associated with lower b-catenin expression levels and decreased tumor growth in vivo and in vitro. 28, 29 However, a second study reports that WIF1 downregulation is not attributed to DNA methylation rather than to histone deacetylases leading to lower acetylation levels, an event accompanied by trimethylation of specific repressive histone marks H3K4/H3K27. 30 Microarray analysis in a dual non-metastatic and metastatic mouse model of OS identified downregulation of an additional Wnt antagonist, naked cuticle homolog 2 (NKD2) (Figure 2 ). Overexpression of NKD2 in OS cells diminished cell proliferation, migration, and invasion, and at the same time decreased in vivo tumor growth. Downregulation of NKD2 was also evident in human metastatic and recurrent OS tissues. 31 Activation of canonical Wnt is also associated with cancer stem cells leading to recurrence of OS tumors. In particular, activation of Wnt/b-catenin is associated not only with presence of cancer stem cell population but also with cell transition to a cancer stem-like phenotype in OS cells following treatment with chemotherapy, thereby implying that this mechanism confers drug resistance to cancer cells. 32, 33 Non-canonical Wnt signaling involves b-cateninindependent pathways such as Wnt/Ca 2þ , Wnt/planar cell polarity (PCP), and Wnt/PKA pathways. 18 These Wnt pathways are mediated through frizzleds and alternative co-receptors named receptor tyrosine kinase-like orphan receptors (RORs) and receptor-like tyrosine kinase. 18 Wnt-5a is a specific non-canonical Wnt ligand that activates ROR-2. Both proteins have been found to be highly expressed in OS tissues and, in particular, elevated expression has been associated with detrimental characteristics of the tumors. 34 Furthermore, in vitro experiments have demonstrated that Wnt-5a and ROR-2 activate Src family kinases (SFKs) in order to express matrix metalloproteinase-13 (MMP-13), a molecular mechanism that ultimately leads to increased invasion in OS in a cell-autonomous manner. 35 Wnt-5a also enhances cell migration of MG-63 cells via activation of PI3K/Akt pathway. 36 
Receptor tyrosine kinases and downstream pathways
Several membrane receptor tyrosine kinases (RTKs) become upregulated in OS as a response to increased expression of their respective ligands and represent potential targets with monoclonal antibodies (Figure 2 ). 2 Vascular endothelial growth factor overexpression in OS has been associated with reduced overall survival, platelet-derived growth factor (PDGF)-AA overexpression with tumor progression, but increased expression of PDGF-alpha receptor (PDGFaR) is not a prognosticator in OS. [37] [38] [39] Overexpression of erbB2 (HER-2/neu) has been also associated during a metaanalysis with poor prognosis of OS patients. 40 Insulin-like growth factor-I has long been known now to stimulate cell proliferation in MG-63 cells and inhibition of the respective Insulin-like growth factor-I receptor to abrogate this effect. 41 Numerous studies test the effect of RTKs inhibitors. While preclinical results are promising towards this end, clinical outcome is not quite encouraging due to molecular mechanisms of acquired resistance from the patients. 42 Downstream intracellular kinase pathways are also important for transmitting signals generated from membrane receptors and have been implicated in OS pathogenesis. We have already described the engagement of integrin-linked kinase (ILK) in the development of chondrosarcomas. 43 ILK is a serine/threonine kinase that mediates cell-to-extracellular matrix adhesion as a downstream substrate of 1 and 3 integrins. 43 ILK is upregulated in OSs and this overexpression has been associated with the presence of distant metastases, poor overall and cancer-free survival. 44 In vitro findings suggested that ILK downregulation was accompanied by limited invasion, migration, angiogenesis, and induced apoptosis. 44 Another central intracellular molecule is Src tyrosine kinase, which belongs to the Src family of kinases and is the first proto-oncogene ever detected. Src is upregulated in several tumor types and is already therapeutically targeted. 45 In OS, Src overexpression is associated with increased cell proliferation in vitro and depletion of Src phosphorylation with decreased development of tumor mass in vivo. [46] [47] [48] However, a second study announced that while the Src inhibitor dasatinib abrogated OS cell adhesion and migration in vitro, there was no similar effect on tumor growth, apoptosis, and pulmonary metastasis in vivo, indicating the controversial effect of Src on OS progression. 49 Mitogen-activated protein kinase (MAPK) pathway is responsible for proliferative and oncogenic potential in numerous malignant phenotypes and OS. MAPK signaling cascades become activated in OS and integrate upregulation of upstream membrane receptors, as well as crosstalk with other sidestream signaling pathways, eventually mediating induction of downstream transcription factors ( Figure 2 ). 50 A representative example is AP-1 transcription complex, which is generated by heterodimerization of c-Jun with c-Fos proteins. Important genes for regulation of osteoblast homeostasis harbor AP-1 binding sites within their promoter regions, such as encoding type I collagen, osteopontin, and osteocalcin. 51 C-Jun is phosphorylated and thereby activated by phosphorylated c-Jun N-terminal kinases (JNKs) on Ser/Thr sites. 51 JNK/AP-1 signaling network is upregulated in bone tumors such as chondrosarcoma, but also is activated in OS human tissues compared to normal bone tissue, whereas c-Jun activation seems prominent in high-grade tumors (Figure 2 ). 51, 52 In vivo transgenic models show that there is a critical c-Fos threshold necessary for OS development. 53 Furthermore, activation of the a chain of the nascent polypeptide-associated complex, which functions as a bone-specific AP-1 co-activator, implies that c-Jun homodimers are prominent in OS development. 51 AP-1 is also critical during invasion and metastasis in OS. JNK and AP-1 are prominently upregulated in murine OS cells presenting high metastatic potential. In vitro inhibition of AP-1 with a dominant-negative mutant of c-Jun significantly blocked cell migration and invasion, as well as in vivo metastasis. 54 
PI3K/Akt/mTOR pathway
The PI3K/Akt/mTOR pathway is important for cellular homeostasis, therefore regulating cell growth, autophagy, proliferation, and other important aspects of cellular physiology. This cascade of protein kinases has been implicated in various tumor types and there is also an increasing body of evidence featuring PI3K/Akt/mTOR contribution to OS tumor progression and putative therapeutic targeting (Figure 2 ). 55 Deregulation of PI3K/Akt/mTOR pathway exerts pleiotropic effects on cancer cell properties. It affects proliferation, invasion and metastasis, tumorigenesis, apoptosis, cell cycle regulation, angiogenesis, and resistance to chemical agents. 55 A recent paper by Perry et al. highlights this particular signaling pathway as a core mechanism in OS development. Whole-genome sequencing, whole-exome sequencing, and RNA-sequencing in 59 tumor versus normal pairs revealed that PI3K/Akt/mTOR is the most common pathway altered in OS. Alterations observed included mutations on PTEN, TSC2, PI3KCA, PDPK1, AKT1, and EIF4B genes, whereas in vivo genome-wide, pooled shRNA screen analysis suggested that mTOR and Pi3kca are essential for OS proliferation and survival. 56 To this end, a forward genetics screen was employed using the conditional Sleeping Beauty transposon mutagenesis system in wild-type mice and mice with Trp53 loss. Analysis of common insertion sites demonstrated, among others, PTEN as one of the most frequently mutated genes in Trp53-Sleeping Beauty mutated OS tumors and also mutations of the Akt2 gene. Ingenuity Pathway Analysis also identified enrichment in the PI3K/Akt/mTOR pathway. 57 A genome-wide gene expression analysis revealed active Akt signaling among 20 different high-grade OS cell lines and Akt inhibition was able to abrogate proliferation in cell lines with wild-type Kras. 58 In addition, mTOR inhibitor, rapamycin, attenuates OS cell proliferation, 59 but only dual inhibition of PI3K and mTOR in primary murine and human OS cell cultures was able to induce apoptosis compared to targeting of either PI3K or mTOR alone. 60 Chemical compounds against these molecules are also evaluated at the clinic. Activity of the mTOR pathway, mTORC2 in particular, seems to be the reason that patients develop resistance to the kinase inhibitor, sorafenib. Preclinical models demonstrated encouraging data of dual sorafenib and everolimus administration against this escape mechanism. 61 Therefore, combination regimen of the mTOR inhibitor everolimus and sorafenib was evaluated in patients with unresectable OS. Although 45% of the patients presented six months of progression-free survival, the target of 50% was not reached. 62 
Notch pathway
Notch pathway is an evolutionary conserved pathway that is critical for normal bone development, affecting both osteoblasts and osteoclasts. 63 Notch involves the Jagged and Delta-like ligands, along with Notch1, Notch2, Notch3, and Notch4 receptors. 63 Upon ligand binding, Notch receptor undergoes proteolytic cleavage and the intracellular domain of Notch transfers to the nucleus functioning as a co-activator of CSL transcription factor target genes, which are basic helix-loop-helix transcription factors of the Hairy/ Enhancer of Split (HES) and the HES-related repressor proteins families (Figure 2 ). 63 Besides hematologic and epithelial cancer, Notch has been implicated in the development of OS. Notch1 receptor, Jagged-1 ligand, along with Notch target transcription factors HES-1 and HEY-2 have been found upregulated in OS primary tumors. Inhibition of Notch proteolytic cleavage by using g-secretase inhibitors also reduces cell proliferation in SaOs-2 OS cells and Notch inhibition also reduces tumor development in nude xenografts in vivo. 64 Reduced proliferation is an outcome of cell cycle regulation since Notch inhibition has proved to promote G1 arrest, downregulate cell cycle promoters, and upregulate p21. 65 In particular, Notch alterations seem to affect invasion and metastasis in OS development. 63 Notch inhibition, also by g-secretase blockage, reduces invasiveness in OS cells in a dose-dependent manner. Transfection of OS187 cells with a dominant-negative Mastermind-Like vector for Notch inhibition presented limited pulmonary metastases compared to control. 63 Moreover, a recent report provides evidence that Notch is not only altered during OS development but represents a driver of transformation in bone cells. 66 Restricted expression of intracellular domain of Notch in mice osteoblasts induced bone tumor formation, exhibiting histopathologic features typical of an aggressive OS tumor. 66 Cell lines were isolated from these mice, were immortalized and finally injected into nude mice creating new OS-like tumors between 14 and 28 days. 66 On the other hand, OS cells themselves demonstrate basic levels of Notch-ligands expression. Therefore, Notch signaling in OS seems to be an outcome of paracrine induction from the tumor's microenvironment, mainly from pericytes and endothelial cells. 67 
Bone morphogenetic protein signaling
More than 20 bone morphogenetic proteins (BMPs) have been identified to date, which belong to the transforming growth factor-b superfamily of cytokines. 68 BMPs serve different cellular functions but have been mostly associated with osteogenesis and, in particular, differentiation of bone and cartilage. 68 BMPs are ligands which upon binding to types I and II BMP receptors (BMPRs; transmembrane Ser/Thr kinases) activate downstream signaling networks, mainly Smad 1/5/8, MAPK, and JNK pathways. 68 BMP signaling components have been associated with OS development and prognosis. In vitro investigation demonstrates that most OS cell lines express a variety of BMP ligands. 68, 69 However, differential expression of BMP ligands across OS tissues do not yet reproduce a repeatable pattern of detectable differences between OS histologic subtypes. 68 Certain studies suggest that overexpression of BMP family components and receptors is associated with a metastatic phenotype and poor prognosis in OS tumors. [70] [71] [72] On the other hand, a different study in high-grade OS tumors revealed limited BMP signaling activity that was linked to lower survival. 73 Overall, BMPs deregulation seems to be a feature in OS development and progression, but their precise role has not been defined yet, as well as their potential use as OS prognosticators.
Mechanotransduction and OS development
The process through which bone cells sense extracellular mechanical cues and convert them into intracellular biochemical events in order to elicit a response is called mechanotransduction. Mechanotransduction is essential for the preservation of bone homeostasis, especially during bone remodeling processes. Deregulated response of bone cells against mechanical stimulation has been implicated in several bone disorders such as spondyloarthritides, chondrosarcoma, osteoporosis, and obviously OS. 74 Focal adhesions and focal adhesion-related molecules are responsible for signaling-mediated responses upon mechanical stimulation (Figure 2 ). This process seems to elicit timedependent, differential biochemical events in OS cells. In particular, U2OS cell line subjected to uniaxial mechanical stretching demonstrates rapid growth of focal adhesion almost instantly after initialization of stretching. However, several minutes of stretching show focal adhesion disassembly perpendicular to stretch and loss of cell polarity. Focal adhesion kinase activation and SFK are essential for promotion and inhibition of rapid growth, respectively. For delayed disassembly, apart from cell reorientation, calpain-2, SFK, and focal adhesion kinase are required. Taken together, the above findings imply that orientation of the forces applied is critical in OS, since delayed disassembly of focal adhesion occurred only in cells where mechanical stretching was enforced perpendicular to their long axes. 75 Furthermore, an oncoprotein of the extracellular matrix termed Tenascin-C (TN-C) is overexpressed in tumors and especially the TN-C FNIIIA1 variant has been found upregulated in OS tissues and also promotes cell migration via mTOR pathway in MG-63 cells upon mechanical stimulation. 76 TN-C demonstrates 10-fold increased mRNA and protein expression after application of mechanical strain in OS cells, a mechanism mediated by Rho-associated protein kinase-I/II. 77 Distinct kinds of mechanical forces such as laminar shear stress induce apoptosis in MG-63 cells compared, for example, to oscillatory shear stress. 78 Furthermore, cyclic stretch induces remodeling of stress fibers and activation of MAPKs JNK, ERK, and p38 according to mechanical rates. 79 Modulation of properties of OS cells has been also associated with chief mechanosensor molecules termed polycystins. 80 Polycystin-1 (PC1) and polycystin-2 (PC2) initiate mechano-responsive signaling pathways and in this way regulate osteoblast gene expression upon mechanical stress. 81 Polycystins have been also associated with cancer and have recently emerged as novel prognostic tools in colorectal tumors. 82, 83 Unpublished data from our laboratory indicate that modulation of PC1 activity affects cell migration and proliferation in MG-63 cells. In addition, stable downregulation of Polycystic Kidney Disease 1 gene in MG-63 cells enhances cell proliferation and affects proper cell differentiation, alterations mediated through impaired intracellular calcium-cAMP regulation, and activation of PKA. 80 Significance of mechano-regulated calcium intracellular concentration is also illustrated by the fact that storeoperated calcium affects cell polarity and migration in U2OS cells, where calcium-selective channels are implicated, among them TRPC1, which belongs to the same family of transient receptor potential (TRP) channels where PC2 also belongs. 84 
Conclusions and future perspectives
The fact that prognosis of OS metastatic disease remains relatively unaltered during the past decades brings patient-tailored and targeted therapy to forefront. Tyrosine kinase receptor and intracellular kinase inhibitors are being evaluated in preclinical models and clinical trials in order to reveal efficient therapeutic targets and tools to overcome drug resistance. 2, 85 Although a genetically unstable tumor, there is emerging evidence that development of OS is also epigenetically regulated, therefore impairing proper function of tumorsuppressing genes in bone homeostasis. 86 DNA hypermethylation, aberrant histone chemical modifications, and oncogenic/tumor suppressing microRNAs promote progression and metastasis, therefore anti-epigenetic agents are being tested at the clinic. 86 Another aspect dynamically involved in OS pathobiology is the role of the microenvironment's immune cells and putative immune-targeted therapies. 87 Crosstalk between bone cells and cells of the immune system needs further clarification. 2 However, an activator of the immune system, liposomal muramyl tripeptide phosphatidylethanolamine (L-MTP-PE), is approved within the European Union, in combination with chemotherapy, as adjuvant treatment since it prolongs overall survival. 2, 87 Monoclonal antibodies targeting immune checkpoint mechanisms show remarkable efficiency in several types of malignancy and are also evaluated in OS preclinical models and clinical trials. 2, [88] [89] [90] Nevertheless, even with novel therapeutic targets, drug resistance is an emerging aspect of inefficient OS treatment. Combination regimens are being continuously designed in order to overcome acquired resistance to chemotherapy. Molecular mechanisms are poorly elucidated and therefore identifying signal transduction cascades which integrate the impact of deregulated epigenetic and microenvironment components is of critical importance for the development of new targets as well as combinatorial treatment strategies.
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